In the North Pacific, the Japanese Archipelago is the largest nesting ground for the loggerhead sea turtle Caretta caretta (Nishimura 1967 , Uchida & Nishiwaki 1982 , Kikukawa et al. 1999 ). However, the number of nests (i.e. the number of nesting females) has rapidly been declining at several Japanese loggerhead nesting sites since 1990 (e.g. Sato et al. 1997) owing to a still unknown cause. It is therefore essential to assess the potential causes of this population decline for effective management and conservation of this endangered species.
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KEY WORDS: Loggerhead turtle · Caretta caretta · Nesting population decline · Body size · Recruitment · Senri Beach · Japan Resale or republication not permitted without written consent of the publisher the decline would be suggestive of a decrease in immature turtles (eggs, hatchlings, juveniles and/or subadults). Otherwise, the population decline would be likely caused by the concurrent decrease in immature turtles and mature turtles (remigrants).
Furthermore, size-related differences in the use of feeding habitats among adult Japanese female loggerheads have been reported (Hatase et al. 2002b ). Interestingly, during the non-reproductive season, irrespective of their recruit or remigrant status, small females (straight carapace length [SCL] mean ± SD, 805 ± 32 mm; range 760 to 902 mm; n = 35; stable carbon and nitrogen isotope ratios [δ 13 C and δ 15 N] of egg yolks from these females were ≤ -18 and <12 ‰, respectively) tend to inhabit pelagic waters (the pelagic Pacific, seafloor depth ≥1000 m), whereas large females (SCL 864 ± 44 mm; range 741 to 968 mm; n = 114; egg yolk δ 13 C and δ 15 N from these females had values different from those of the small females) inhabit neritic waters (such as the continental shelf in the East China Sea and coastal waters of Japan, seafloor depth < 200 m). Based on these findings, we can hypothesize a cause for the population decline. If the mechanism responsible for the population decline operates in the neritic waters, the mean body size of females nesting on Japanese beaches would be expected to decrease. Conversely, if the mortality source occurs in the pelagic waters, the mean body size would be expected to increase.
To assess the causes for the nesting population decline, we investigated the annual recruitment dynamics and body size fluctuations in breeding female loggerheads, in conjunction with an analysis of the number of nests on a Japanese beach from 1990 to 2001.
Materials and methods. Daytime and nightly patrols were conducted on foot at Senri Beach (1.4 km in length) in Minabe (33°46' N, 135°18' E), Wakayama Prefecture, Japan from 1990 to 2001. The procedures for counting nests, identifying turtles and measuring body sizes followed those of Sato et al. (1997) . Daytime patrols were conducted throughout the nesting season (May to August) and the daily number of nests was determined by counting new nests with emergence tracks. Nightly patrols were conducted mainly during July, the peak of the nesting season, although incomplete patrols surveyed the beach during other months. Patrols were conducted every night from between 19:30 and 20:30 to 04:00 h, passing each point on the beach at least once every hour to survey landing turtles. In addition, to test whether the nightly patrolling effort was related to annual fluctuations in the number of nests, the relationship between the period of nightly patrols and the number of nests located during the patrol was examined.
During or after laying eggs, females were identified by tagging on either one or both front flippers or, if they had already been tagged, checking existing tags and tag scars. Therefore, newly tagged females without tag scars were considered as recruits, whereas females with tag scars and tags were considered as remigrants. The SCL of each turtle was measured using calipers with a scale in mm. The same individuals were measured several times in a season to assess the precision of measurement, which was ± 3.5 mm.
To understand how the recruit percentage and SCL distribution in the nesting population changed along with the number of nests, we calculated the rates of change in the number of nests, the recruit percentage and the mean SCL (% yr -1 ), and investigated the statistical relationships between these indices. The rate of change (%) was calculated as [(X t -X t -1 )͞X t -1 ] × 100, where X is either the number of nests, the recruit percentage or the mean SCL, and t is the year.
We examined how the rates of change in the recruit percentage and in the mean SCL were related with that in the number of nests. We also performed a 2-way analysis of variance (ANOVA) to test the effects of recruit/remigrant group and year on SCL. Results. The number of nests rapidly decreased from 335 in 1990 to 29 in 1998, and slightly increased to between 73 and 95 from 1999 to 2001 (Fig. 1a, Table 1 ). Since there was no significant correlation between the nightly patrolling effort and the number of nests located during the patrol (r = -0.49, n = 12, p = 0.11; Fig. 1b, Table 1 ), the trends in the number of nests were not attributable to biases in the patrolling effort. Some females nested more than once during the reproductive season. The identified nest percentage (i.e. the ratio of nests made by identified females to total located nests throughout the season) was 49 to 83% from 1992 to 2001 (Table 1) . Thus, the sample size of identified females during these years was large enough to represent the nesting population of each year. The low percentages in 1990 and 1991 (19 and 21%, respectively) are attributable to the lack of tagged turtles before 1990, such that the number of new and untagged turtles was so large that it was impossible to mark all nesting turtles.
The recruit percentage gradually decreased from 100% in 1990 to 86% in 1993, then remained between 39 and 75% from 1994 to 2001 ( Fig. 2a, Table 1 ). This pattern was likely related to the lack of tagged turtles before 1990, with tagged turtles gradually remigrating in subsequent years. Since most females remigrated within 4 yr (mode: 2 yr) at Senri Beach (cf. Sato et al. 1997) , it was unlikely that turtles regarded as recruits from 1994 to 2001 included remigrants. Hence, the recruit percentages during these years were used in the following analyses. There was no significant correlation between the rates of change in the recruit percentage and in the number of nests (r = -0.14, n = 7, p = 0.77; Fig. 3a ). The mean SCL varied from 825 to 855 mm from 1992 to 2001 (Fig. 2b, Table 1 ). There was a highly significant negative correlation between the rates of change in the mean SCL and in the number of nests (r = -0.89, n = 9, p < 0.0005; Fig. 3b ). In addition, there were no significant differences in SCL between recruits and remigrants or among years from 1994 to 2001 (2-way ANOVA: p = 0.06 for recruit/remigrant group, p = 0.16 for year, p = 0.81 for interaction; Table 1 ).
Discussion. There are no documented threats against nesting loggerheads on Senri Beach (e.g. attacks by predators, disturbance by human activity). Addition-ally, there has been no decline in the hatching success of clutches on the beach during the critical period of the decline in the nesting population (1996 to 2000 Goto 2000) . Thus, the population decline at Senri Beach was most likely caused by factors operating at sea, not on land. Further, since loggerhead strandings are very rare at Senri Beach and have not increased during the past decade (K. Goto unpubl. data), the decline was probably not caused by coastal fisheries operating close to shore.
The lack of a significant correlation between the rates of change in the recruit percentage and in the number of nests suggests that the nesting population decline was caused by factors affecting both recruits and remigrants. The significant negative correlation between the rates of change in the mean SCL and in the number of nests suggests that the nesting population decline coincided with a decrease in the number of smaller females. The lack of a significant difference in SCL between recruits and remigrants supports these scenarios. Irrespective of their recruit or remigrant status, during the non-reproductive season, small Japanese female loggerheads inhabit pelagic waters, whereas the larger females inhabit neritic waters (Hatase et al. 2002b ). We would not expect loggerhead turtles to change their feeding habitats during the reproductive stage, because females grow little after reaching sexual maturity (Hughes 1974 , Bjorndal et al. 1983 , Limpus 1985  at Minabe, their growth rate is 1.7 mm yr -1 SCL, T. Bando unpubl. data). We therefore propose that the population decline at Senri Beach is attributable to factors operating in the pelagic environment. Although a density-dependent effect on somatic growth rates in an immature green turtle, Chelonia mydas, population has been reported (Bjorndal et al. 2000) , there are no such reports for any loggerhead turtle population at present. Moreover, even if this Senri Beach population had responded to the decline through density-dependent effects on growth rates and size at maturity, such results would not have become apparent within this short period. We thus assume that growth rates and size at maturity in this population were invariant during the years we surveyed.
What factors may be impacting turtles in their pelagic habitat? The pelagic waters used by small females (25 to 45°N, 130 to 170°E; Baba et al. 1992 , Japan Fisheries Resource Conservation Association 1999 , Hatase et al. 2002b ) overlap with international longline fishing grounds for tuna and swordfish (US National Marine Fisheries Service 2001). Incidental catches by this fishery may have affected the survivorship of small females, although few data on this potential impact are available except for those of the US. According to the US data, annual estimated takes 302 Fig. 3. Caretta caretta. (a) Relationships between the rates of change in the recruit percentage for identified female loggerhead turtles and in the number of nests, and (b) between the rates of change in the mean straight carapace length (SCL) and in the number of nests. Values are identified by year and mortality of loggerheads (whose size distribution is unknown) by the Hawaii-based longline fishery operating in 5 to 40°N and 140 to 180°W from 1994 to 1999 (fishing effort: 12 to 19 million hooks) were 369 to 501 and 64 to 88 individuals, respectively (US National Marine Fisheries Service 2001). The annual estimates of the international longline fishing effort in the pelagic waters used by small females from 1990 to 2000 were 26 to 48 million hooks (Public Domain Catch & Effort data aggregated by 5°× 5°, Oceanic Fisheries Programme of the Secretariat of the Pacific Community: www.spc.org.nc/oceanfish/html/sctb/data/index.asp). Assuming that the rates of incidental takes and mortality for loggerheads by these fisheries in the area were the same as those by the Hawaii-based longline fishery, we can roughly estimate the annual incidental takes and mortality of loggerheads there from 1990 to 2000 to be about 800 to 1266 and 139 to 222 individuals, respectively. Small females inhabiting the area would have been included in these turtles. On the other hand, there is no reliable data on turtle bycatch by gillnet, set net and trawl fisheries in coastal waters of Japan and the East China Sea. However, if these fisheries had caused the nesting population decline, the mean SCL of nesting females would have become smaller with the decrease in the number of large females inhabiting the neritic waters. Until 1992, driftnet fisheries had operated extensively across the North Pacific (25 to 45°N, 140°E to 150°W; Wetherall et al. 1993) , which is the developmental habitat for immature Japanese loggerheads (Bowen et al. 1995 , Hatase et al. 2002a . Around 1000 to 5000 turtles (mostly juveniles and subadults) were estimated to be killed annually by these fisheries (Wetherall et al. 1993 ). This mortality might also have contributed to the population decline; Crouse et al. (1987) and Crowder et al. (1994) concluded from sensitivity analyses on stage-based population models that population growth was most sensitive to the survival of large juveniles. Finally, the increase in the number of recruits since 1999 might have resulted from the moratorium in the driftnet fishing operation since 1993.
Additional research must address whether patterns similar to the ones we have documented are observed at other Japanese nesting sites where population declines have been reported. Although, in this study, turtle bycatch in pelagic fisheries was suggested as one of the potential causes for the population decline, the actual state of turtle bycatch around Japan should also be investigated quantitatively, e.g. by fisheries observer programs. Thereby, the causes for the decline in Japanese loggerhead nesting populations will be elucidated.
